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ABSTRACT

Lead-free  glasses are  continuously
developed as safer and more flexible
alternatives to conventional radiation
shielding materials such as lead and
concrete. This study computationally
evaluated four CeO;-modified tungsten
borate glass samples with the base
composition xCeOr—(55-x)B203-35WO;—
5Mg0O-5Ca0 (x = 0, 5, 10, 15 mol%),
labeled CeB1-CeB4. The glass density
increased almost linearly from 4.39 g-cm
(CeBl) to 4.50 g-cm™® (CeB4) with
increasing  CeO> fraction.  Radiation
shielding parameters, including the mass
attenuation coefficient (MAC), linear
attenuation coefficient (LAC), half value
layer (HVL), tenth value layer (TVL), and
mean free path (MFP), were calculated
using the XCOM program in the photon
energy range of 0.001-15 MeV. CeB4
exhibited the highest shielding performance,
particularly at low photon energies, with a
markedly higher MAC than CeBl1. At
intermediate energy (0.5 MeV), CeB4
maintained its superiority by providing the
lowest HVL, TVL, and MFP among all
samples. These results indicate that CeO>
addition enhances both density and
attenuation efficiency, enabling the design
of thinner and more effective glass shields.
Therefore, CeO;-modified tungsten borate
glasses, especially CeB4, can be considered

promising environmentally friendly
candidates for lead-free radiation shielding
applications.

Keywords: CeO2; WO3; tungsten borate
glass; Lead-free glass materials; Gamma-ray
shielding

INTRODUCTION

The use of ionizing radiation, such as X-
rays and gamma rays, continues to increase
in medical, industrial, and nuclear facility
applications (1,2). However, excessive
exposure to radiation can lead to long-term
health effects. Therefore, effective, reliable,
and environmentally friendly radiation
shielding materials are required. For several
decades, lead and concrete have been the
primary choices. Nevertheless, the toxic
nature of Pb, its very high density, and its
limitations in terms of formability and
optical transparency have motivated the
search for alternative materials that are
lighter, transparent, and lead-free (3,4).
Oxide-based glasses are emerging as
promising candidates for radiation shielding
applications because they can be easily
fabricated, are transparent to visible light,
and allow compositional engineering to
control density and the content of high-Z
elements. The addition of heavy metal
oxides (HMOs) such as Bi,0s, PbO, BaO,
and WO; has been shown to increase the
mass attenuation coefficient (MAC) and the
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half value layer (HVL), tenth value layer
(TVL), and mean free path (MFP), making
the shielding performance of glasses
comparable to or even superior to that of
conventional materials at certain energies
(5-7). In this context, borate glass (B203) is
widely used as a network former because of
its low melting point, good glass-forming
ability, and compatibility with various
heavy metal and alkaline earth oxides (8).
WOs is one of the most attractive HMOs in
glass-shield design because it has a high
atomic number (Z = 74), high density, and a
large photoelectric cross section at low to
intermediate photon energies. Previous
studies have shown that incorporating WO3
significantly enhances MAC and the linear
attenuation coefficient (LAC) in the low-
energy region. For example, Iliyasu et al.
(2024) reported that adding 10 and 20 mol%
WO:s to tellurite glass increases the MAC by
6.66% and 12.74%, respectively, at 0.015
MeV, and reduces the HVL by 6-16%
compared with the reference glass (9).
However, such tellurite systems still rely on
costly raw materials and face issues related
to chemical stability.

CeQO,, as a rare-earth metal oxide, also has
strong potential in glass shielding design.
Cerium (Z = 58) can exist in dual valence
states (Ce**/Ce*"), which affect the glass
network structure, density, and radiation
absorption properties. Previous studies have
shown that doping CeO> into borate or
borosilicate glasses can increase Zeff and
MAC and reduce HVL and MFP, while
simultaneously improving mechanical and
optical properties. Abou Hussein et al.
(2025) showed that the addition of CeO> to
lead borate glass increases the density,
elastic moduli, and gamma-ray absorption
capability (10).

Despite these advances, the simultaneous
integration of CeO2 and WO; in a single
glass system has rarely been explored. Solak
et al. (2024) developed glasses with the
composition 45B203;—(20—x)PbO-30TeO2—
5CeO>—xWO; and found that the
combination of CeO2 and WOs3 improves
hardness and  shielding  parameters.

However, these glasses still contain
significant amounts of PbO and TeO-,
raising concerns about sustainability and
toxicity (11). Another study by Sayyed et al.
(2025) showed that increasing BaO content
in lanthanum—borate glasses significantly
enhances MAC and LAC and reduces HVL
and MFP, even though the system does not
utilize W or Ce (12). In addition, the very
high density of these glasses may pose
limitations in certain applications.

Based on these studies, combinations of
HMOs such as WO3, BaO, and PbO provide
high shielding performance, while CeO:
contributes to increased density and
improved mechanical properties.
Computational approaches based on XCOM
have become standard methods for
evaluating shielding parameters.
Nevertheless, several research gaps remain.
Most reported systems still depend on PbO;
there has been no comprehensive
exploration of borate—tungstate systems
with high WO; fractions and systematic
variation of CeO2; and quantitative studies
on the correlation between CeO> content,
density, and shielding parameters in Pb-free
systems are still limited.

To address these gaps, the present study
designs and computationally evaluates a
CeOz-modified tungsten borate glass system
with the composition xCeO>—(55-x)B203—
35W03-5MgO-5Ca0 (x = 0, 5, 10, 15
mol%). This system is selected because it
combines an easily processable borate
network, a high WO3 content as the main
contributor to Z and density, and CeO> as a
modifier that can enhance shielding
performance  without introducing Pb
toxicity. The shielding parameters MAC,
LAC, HVL, TVL, and MFP are calculated
using the XCOM NIST database over the
photon energy range of 0.001-15 MeV. This
study aims to provide a systematic
understanding of the influence of CeO:
fraction on the shielding performance of
lead-free glasses and to establish a
comparative basis with other glass systems
for designing a new generation of radiation
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shielding materials that are lighter, safer,
and more efficient.

METHODS

This study evaluated the photon shielding
capability of four tungsten borate glass
samples modified with CeO,. The glass
system had the base composition xCeOr—
(55x%)B203-35W03-5MgO-5Ca0, with x

=0, 5, 10, and 15 mol%. Each composition
was treated as a homogeneous material and
was used as input for the calculation of
attenuation parameters using the XCOM
NIST database (13). The atomic number (Z)
and atomic mass (A) of all constituent
elements (B, O, Mg, Ca, Ce, and W), which
were required for the subsequent
calculations, are listed in Table 1.

Tabel. 1 Atomic number and atomic mass of each element in the shielding glass.

Element | Atomic Number (Z) | Atomic Mass (A)
B 5 10.810

O 8 16.000

Mg 12 24.305

Ca 20 40.078

Ce 58 140.120

W 74 183.840

Four glass samples were denoted as CeB1 to CeB4, representing increasing molar fractions of
CeO:. The chemical compositions and densities of these samples are summarized in Table 2.

Tabel 2. Chemical composition and density of the glass samples.

Sampel Code | x (mol%) | Komposisi Densitas (g/cm3)
CeBl1 0 55B,03-35W03-5Mg0-5Ca0 4.390
CeB2 5 5Ce02-50B,03-35WO3;—-5MgO-5Ca0 | 4.425
CeB3 10 10Ce0,—45B,03-35W03-5Mg0-5Ca0 | 4.460
CeB4 15 15Ce0,-40B,03-35W0O3-5Mg0-5Ca0 | 4.496

The progressive addition of CeO> partially
replaced B2O3 and increased the overall
glass density. The CeB4 sample, which
contained the highest CeO: fraction,
exhibited the largest density, reflecting an

increase in the average effective atomic
number and mass of the glass network. The
elemental mass fractions (wt.%) in each
sample were calculated from the molar
compositions and are given in Table 3.

Tabel 3. Mass fraction of the constituent elements in the glass.

Sampel | B (0] Mg Ca Ce W

CeBl1 0.096 | 0.361 | 0.009 | 0.016 | O 0.518
CeB2 0.084 | 0.341 | 0.009 | 0.015 | 0.054 | 0.497
CeB3 0.074 | 0.321 | 0.009 | 0.014 | 0.104 | 0.478
CeB4 0.063 | 0.303 | 0.008 | 0.014 | 0.151 | 0.461

The MAC was calculated using the XCOM
program based on the NIST database, which
is widely used to determine the
contributions of photoelectric absorption,
Compton scattering, and pair production in
multicomponent materials over the photon
energy range of 0.001-20 MeV (2,13). The
linear attenuation coefficient (LAC, p)
describes the rate at which the radiation
intensity decreases as it propagates through

a material and was obtained from the
Lambert—Beer law (14):

I= Ioe_'u"x (1)

where lo and I are the photon intensities
before and after passing through the glass
shield, respectively, p is the LAC (cm™),
and x is the material thickness (cm). The
MAC represents the attenuation capability
per unit mass, allowing a fair comparison
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among materials with different densities.
For multicomponent systems, the total MAC
was calculated using Eq. (2) (15):

MAC = b= 3o (%) )

Where wi is the mass fraction of the i-th
element and (Wp)i is the MAC of that
element at the same photon energy.

Several derived parameters were also
evaluated to assess the shielding
performance of the glasses, namely the half
value layer (HVL), tenth value layer (TVL),
and mean free path (MFP). HVL is the
thickness of material required to reduce the
incident intensity to one half of its initial
value, wherecas TVL 1is the thickness
required to reduce the intensity to one tenth.
Both quantities were calculated directly
from the LAC using Egs. (3) and (4) (16):

In2

HVL = =2 3)

TVL = In10

4)

Smaller HVL and TVL values indicate that
a thinner glass thickness is sufficient to
achieve a given attenuation level, thus
reflecting better shielding performance. The
MFP was defined as the average distance

traveled by a photon in the material before
undergoing its first interaction with the
constituent atoms and was calculated using

Eq. (5) (16):

MFP = ﬂl (5)

A shorter MFP implies a higher probability
of interaction within a shorter distance,
indicating that the material is more effective
as a radiation shield.

RESULT AND DISCUSSION

Density is a key parameter in radiation
shielding performance because it is directly
related to the number of electrons per unit
volume that can interact with incident
gamma photons (17). In the present CeO»-
modified tungsten borate glass system,
increasing the molar fraction of CeO2 from
CeBl1 to CeB4 led to an almost linear
increase in density, from 4.39 g/cm® (CeB1)
to 4.49 g/cm® (CeB4), corresponding to an
increase of about 2-3% (Figure 1). This
increase arises from the replacement of
B20; by CeO2, which has a higher molar
mass and atomic number. A similar trend
has been reported in other HMO-based glass
systems, where larger HMO fractions
contribute to higher densities and improved
attenuation efficiency (18).

4.50
4.45]

2 4.40]

Density (g/cm?)
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Sample Code

Figure 1. Density of each glass shielding sample.
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The correlation between density and
attenuation capability was reflected in the
MAC values. At low photon energies
(0.001-0.06 MeV), all samples exhibited
high MAC values due to the dominance of
the photoelectric effect. CeB4 consistently
showed the highest MAC; for instance, at
0.06 MeV the MAC increased from 1.794
cm?/g (CeB1) to approximately 2.968 cm?/g
(CeB4), indicating an enhancement in Zeff
arising from the presence of Ce and W
(10,19). As the photon energy increased, the

mechanism toward the Compton region. In
the intermediate energy range (0.3—1 MeV),
the MAC values for all samples were on the
order of 10! cm%/g and their differences
became small; at 0.5 MeV, the MAC of
CeBl1 and CeB4 were nearly identical
(0.108 vs 0.109 cm?/g). This behavior is
consistent with the fact that Compton
scattering depends primarily on the total
electron density and is less sensitive to Zeff
(19). The presence of the K-absorption
edges of W (~0.07 MeV) and Ce (~0.04
MeV) may also give rise to local variations
in the MAC curves (10,19).
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Figure 2. MAC as a function of photon energy for all samples.

The LAC values exhibited trends similar to
those of MAC but expressed in units of cm”
! directly representing the attenuation
capacity per unit path length (Figure 3). At
0.5 MeV, the LAC of CeB4 reached 0.482
cm’!, slightly higher than that of CeBl
(0.473 cm™), implying that CeB4 can
provide the same level of protection with a
marginally smaller thickness. Overall, the
combination of a high WOs3 content and an
increasing CeO fraction was shown to
enhance  the  attenuation  capability,

particularly at low-to-intermediate energies.
At higher energies (>1 MeV), the
differences between samples were not
significant, suggesting that the choice of
composition in this regime may be more
strongly influenced by non-shielding
considerations such as cost and mechanical
properties.  Therefore, = CeO:z-modified
tungsten borate glass, especially CeB4, is
particularly  suitable for low- and
intermediate-energy radiation applications
(20).
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Figure 3. LAC as a function of photon energy for all samples.

The HVL, TVL, and MFP parameters
provide practical insight into the material
thickness required to reduce the radiation
intensity. Because these quantities are
inversely proportional to the LAC, their
trends follow those of the LAC curves (8).
At low photon energies, HVL, TVL, and
MFP were small (on the order of a few
millimeters), and they increased
significantly at higher energies. As shown in

Figure 4, the HVL of CeB1 at 0.5 MeV was
1.465 cm, whereas that of CeB4 decreased
to 1.437 cm. The HVL values of CeB2 and
CeB3 lay between these two limits and
decreased monotonically with increasing
CeO; fraction. This reduction in HVL from
CeBl1 to CeB4 indicates that the addition of
CeO: allows a thinner glass thickness to be
used to halve the incident radiation intensity

(8).

090-00-00 009

T T
0.01 0.1

Energy (MeV)

Figure 4. HVL as a function of photon energy for all samples.

The TVL values (Figure 5) followed a
nearly identical trend to the HVL but were
about 3.3 times higher, in accordance with
their mathematical definition. At 0.5 MeV,
the TVL of CeB1 was 4.865 cm, while that
of CeB4 was slightly lower at 4.773 cm.
This means that to reduce the radiation
intensity to one tenth of its initial value,

CeB4 requires a thickness that is a few
millimeters thinner than CeB1. Although the
absolute difference appears small, it
becomes significant in large-area shielding
designs, where even modest thickness
reductions can decrease the total mass and
structural load. These findings indicate that
CeO; addition improves the volumetric
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efficiency of the shield without
compromising the intrinsic borate—tungstate

glass network.
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Figure 5. TVL of each glass shielding sample.

The MFP values provide another
perspective on the photon interaction
probability inside the glass (Figure 6). At
0.5 MeV, the MFP of CeBI was 2.113 cm,
whereas that of CeB4 decreased to 2.073
cm. In other words, photons propagating in
CeB4 travel a slightly shorter average
distance before undergoing their first
interaction compared with those in CeBl,
consistent with the higher LAC of CeB4. At
low energies (<0.1 MeV), the MFP values
were on the sub-millimeter scale, indicating
that photons in this energy range rapidly
lose energy within relatively thin glass
layers. In contrast, at energies above several
MeV, the MFP increased to several

centimeters and the differences among
compositions diminished, reflecting the
dominance of Compton scattering and pair
production processes that depend more on
the overall electron density than on detailed
chemical composition (12). Overall, the
analysis of HVL, TVL, and MFP reinforces
that CeO> addition enhances shielding
efficiency,  particularly for  low-to-
intermediate photon energies. The CeB4
composition, with the highest CeO, fraction,
demonstrated the best performance, making
it an optimal candidate for efficient and
environmentally friendly lead-free glass
shields (3).
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Figure 6. MFP of each glass shielding sample.
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CONCLUSION

This study computationally evaluated the
photon shielding performance of a lead-free
glass system based on CeOz-modified
tungsten borate with the composition
xCeO02—(55—x%)B203-35W0O3-5MgO-5Ca0
(x=0, 5, 10, 15 mol%). Partial substitution
of B203 by CeO: increases the glass density
in an almost linear manner, consistent with
the higher molar mass and atomic number
of Ce, which contribute to an increase in
Zeff. Calculations using XCOM show that
at low photon energies, where the
photoelectric effect dominates, the CeB4
sample exhibits the highest MAC and LAC
values, indicating the most efficient
radiation absorption per unit mass and per
unit path length. At intermediate to high
energies, the differences among
compositions become narrower due to the
dominance of Compton scattering, although
CeB4 still maintains a moderate advantage.
The trends of the effective thickness
parameters (HVL, TVL, and MFP), which
are inversely related to LAC, further support
these findings. CeB4 consistently shows the
lowest HVL, TVL, and MFP values,
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